) is one of the thiazolidinediones that activate the peroxisome proliferator-activated receptor gamma (PPARgamma), which is expressed primarily in adipose tissues. To elucidate the mechanism by which troglitazone relieves insulin resistance in vivo, we studied its effects on the white adipose tissues of an obese animal model (obese Zucker rat). Administration of troglitazone for 15 d normalized mild hyperglycemia and marked hyperinsulinemia in these rats. Plasma triglyceride level was decreased by troglitazone in both obese and lean rats. Troglitazone did not change the total weight of white adipose tissues but increased the number of small adipocytes (< 2,500 micron2) approximately fourfold in both retroperitoneal and subcutaneous adipose tissues of obese rats. It also decreased the number of large adipocytes (> 5,000 micron2) by approximately 50%. In fact, the percentage of apoptotic nuclei was approximately 2.5-fold higher in the troglitazone-treated retroperitoneal white adipose tissue than control. Concomitantly, troglitazone normalized the expression levels of TNF-alpha which were elevated by 2-and 1.4-fold in the retroperitoneal and mesenteric white adipose tissues of the obese rats, respectively. Troglitazone also caused a dramatic decrease in the expression levels of leptin, which were increased by 4-10-fold in the white adipose tissues of obese rats. These results suggest that the primary action of troglitazone may be to increase the number of small adipocytes in white adipose […] Research Article
Introduction
Insulin resistance plays a major role in the pathogenesis and exacerbation of non-insulin-dependent diabetes mellitus (NIDDM). 1 Obesity is the most common cause of insulin resistance, so that particularly in NIDDM associated with obesity, the alleviation of insulin resistance is the primary therapeutic target. Thiazolidinediones have been reported to improve metabolic control in human NIDDM (1) (2) (3) (4) and animal models of NIDDM (5, 6) by alleviating insulin resistance. Human and animal studies have indicated that troglitazone (CS-045), one of the thiazolidinediones, enhances muscle glucose use and reduces hepatic glucose production (3, 6) . Although troglitazone affects various points in the insulin signaling pathway (1, 7), the primary mechanism by which it reduces insulin resistance has not previously been identified.
At least three candidate molecules have been implicated in the development of insulin resistance due to obesity (8) . Circulating lipids such as FFA, which are increased in obesity, inhibit glucose uptake and use in muscle through Randle's cycle (9, 10) . Spiegelman and colleagues have proposed that TNF-␣ secreted by adipocytes from obese rats inhibits glucose uptake in muscle, thereby causing insulin resistance (11) (12) (13) . TNF-␣ has also been reported to cause phosphorylation of insulin receptor substrate 1 on the serine residues, which inhibits insulin's signal transduction (14) , or to cause downregulation of glucose transporter isoform 4 (15) . Finally, the elevated leptin level itself, which is associated with obesity, may cause insulin resistance (16) (17) (18) . All three hypotheses, not mutually exclusive, propose that molecules generated or secreted by hypertrophic adipocytes in obesity cause insulin resistance.
Peroxisome proliferator-activated receptor (PPAR) ␥ is expressed primarily in adipose tissues (19, 20) , and forced expression of PPAR ␥ in the fibroblasts makes them differentiate into adipocytes (19) . Activated PPAR ␥ forms a heterodimer with retinoid X receptor and binds to the peroxisome proliferator responsive element, which consists of a hexameric nucleotide direct repeat of recognition motif (TGACCT) spaced by one nucleotide (21) . The peroxisome proliferator responsive element has been reported to occur in the promoter region of the genes encoding acyl-CoA synthase, fatty acid binding protein, lipoprotein lipase, and uncoupling protein (22, 23) . Importantly, thiazolidinediones were found to be ligands for PPAR ␥ (24) . Moreover, the rank order of binding affinity of the thiazolidinediones to PPAR ␥ matches closely the order of potency of their antidiabetic action, suggesting that PPAR ␥ is the functional receptor of this class of compounds in their antidiabetic action (25, 26) . Thus, it is reasonable to speculate that the primary action of thiazolidinediones is somehow to control gene expression and cellular function of adipocytes through activation of PPAR ␥ .
In this study, to identify molecular mechanism(s) whereby thiazolidinediones improve insulin resistance, we studied the effects of troglitazone on white adipose tissues (WATs) in obese Zucker rats, an animal model for insulin resistance associated with obesity (27) . We found that troglitazone increased the population of small adipocytes in WATs, and concomitantly decreased the population of large adipocytes. This action of troglitazone appears to be an important mechanism by which increased expression levels of TNF-␣ and leptin and higher levels of plasma lipids are normalized, leading to the alleviation of insulin resistance.
Methods
Animals. All the animals were purchased from Charles River Japan (Atsugi, Kanagawa, Japan). Male 7-wk-old obese ( fa / fa ) Zucker rats and lean (?/ ϩ ) Zucker rats were fed powder chow (F-2; Funabashi Farms, Funabashi, Japan) from the start of the experiment. The composition of the chow was as follows: 58.2% (wt/wt) carbohydrate, 4.8% (wt/wt) fat, 20.8% (wt/wt) protein, and 3.2% (wt/wt) dietary fiber. 200 mg/kg/d of troglitazone was given as food admixture at the concentration of 0.2% for 4 or 19-28 d. All the animals were killed at day 4 or 19-28 for histological preparations, or to extract total RNA from adipose tissues.
Determinations of plasma glucose, insulin, and triglyceride. Blood samples were collected from the tail vein. Plasma glucose at the end of experiment was determined with a Glucoloader-F (A & T Co., Ltd., Tokyo, Japan) using the glucose-oxidase method. Plasma insulin was determined using an insulin RIA kit with a rat 125 I-insulin assay system (Amersham International, Little Chalfont, UK) with rat insulin as standard. Plasma triglyceride was measured using determination kits (triglyceride-G-test; Wako Pure Chemical Industries, Ltd., Osaka, Japan) by the colorimetric method.
Extraction of RNA. The animals were killed by decapitation. As much fat tissue as possible was collected from the lumbar subcutaneous, retroperitoneal, epididymal, and mesenteric WATs. After measurement of wet weight, the samples were frozen quickly in liquid nitrogen and stored at Ϫ 80 Њ C until extraction of total RNA. Total RNA was extracted by the standard acid guanidinium phenol-chloroform method (28) with slight modification, using 2 g of a tissue sample.
Probes. Probes for PPAR ␥ and leptin were amplified by PCR using mouse adipose cell cDNA as template. The full-length 1518-nucleotide and 517-nucleotide cDNAs were cloned into pBluescript (Stratagene Inc., La Jolla, CA) as probes for PPAR ␥ and leptin, respectively (29, 30) . The probe for TNF-␣ was a generous gift from Dr. K. Yamada (Department of Medicine, Kurume University School of Medicine, Fukuoka, Japan). This 1,105-bp cDNA probe for TNF-␣ consists of 143 bp 5 Ј -untranslated region, 708 bp coding region (corresponding to the entire 235 amino acid sequence), and 254 bp 3 Ј -untranslated region (31) . The 452-nucleotide glyceraldehyde 3-phosphate dehydrogenase probe was generated by PCR using commercially available primers (Clontech, Palo Alto, CA) with mouse liver cDNA as template and cloned into pCR ® 2.1 (Invitrogen Corp., Carlsbad, CA). Probes were labeled with the Megaprime ® DNA labeling system (Amersham International) using [ ␣ - Northern blot analysis. The total RNA was redissolved in a solution containing 50% formamide, 20 mM 3-( N -morpholino)propane sulfonic acid, 5 mM sodium acetate, 1 mM EDTA, 6.5% formaldehyde, pH 7.0, then heated at 90 Њ C for 5 min and loaded onto 1% agarose gel. 16 or 20 g of total RNA was loaded on each lane. After electrophoresis for 3 h, the RNA was transferred to nylon membrane (Hybond N ϩ ; Amersham International) by the capillary method according to the manufacturer's instructions. After blocking, the membrane was incubated with labeled probe overnight at 42 Њ C in a hybridizing buffer containing 5 ϫ Denhardt's solution, 6 ϫ SSC, 0.5% SDS, and 50% formamide, then washed twice with a solution containing 2 ϫ SSC and 0.1% SDS for 5 min at room temperature, and finally twice with a solution containing 0.2 ϫ SSC and 0.1% SDS for 10 min at room temperature. The membrane was exposed to the imaging plate of a bioimaging analyzer system (Fuji-BAS; Fuji Photo Film Co., Tokyo, Japan). Intensity of the bands was quantitated using the quantification program of the image analyzer system and expressed as an arbitrary unit.
Determinations of triglyceride and DNA in adipose tissues. For the determination of triglyceride and DNA in adipose tissues, 0.5-1 g of each tissue was homogenized in 10 ml of a solution containing 150 mM sodium chloride, 0.1% Triton X-100, and 10 mM Tris, pH 8.0, at 40-50 Њ C. Homogenization was performed using a polytron homogenizer (Kinematica AG, Lucerne, Switzerland) at high speed for ‫ف‬ 60 s. 50 l of this homogenized solution was used for triglyceride determination using a determination kit (Sanassay TG-N; Sanko Pure Chemical Co., Ltd., Tokyo, Japan) by the colorimetric method. For DNA determination, the remainder of the homogenized solution was mixed with SDS, proteinase K, and EDTA to make final concentrations of 0.1%, 100 g/ml, and 10 mM, respectively. After 1-2 h of incubation at 37 Њ C, DNA was extracted by the standard phenol-chloroform extraction method. DNA pellets were redissolved in a solution containing 10 g/ml ribonuclease, 1 mM EDTA, and 10 mM Tris, pH 8.0. DNA content was calculated from the absorbance of this solution at 260 nm as OD 260 of 50 g/ml DNA solution equal to 1.
Histological analysis and morphometry. Adipose tissues were embedded immediately after decapitation in tissue-freezing medium (Tissue-Tek ® OCT compound; Miles Inc., Kankakee, IL) and frozen in liquid nitrogen. Tissues were kept at Ϫ 80 Њ C until use. Tissue sections (20 or 10 m thick) were cut in a cryostat and mounted on glass slides. Some sections after formalin fixation were stained with hematoxylin and eosin. For the quantitation of number and size of adipocytes, the sectional areas of WATs in the hematoxylin and eosinstained preparations were analyzed with an image analysis system (Q600; Leica Cambridge Ltd., Cambridge, UK). Sections of adipose tissues from rats treated for 4 d were fixed with 100% ethanol and stained by the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) technique with a kit (In Situ Cell Death Detection Kit, POD; Boehringer Mannheim Biochemicals, Indianapolis, IN) to detect apoptotic nuclei (32). The numbers of all nuclei and apoptosis-positive stained nuclei were counted to calculate the ratio of the number of apoptotic nuclei to total number of nuclei.
Statistical analysis. Data were expressed as mean Ϯ SE. Biological data and mRNA expression levels were analyzed by Sheffe's and Tukey's multiple comparison tests, respectively.
Results
Improvement of plasma glucose, insulin, and lipid levels. Troglitazone caused a slight increase in the body weight of obese rats, although not statistically significant (Fig. 1 a ) . The amount of food intake was not changed significantly by troglitazone (data not shown). While the plasma glucose level in obese control rats was only 30% higher than in lean rats, the insulin level was 19-fold higher because of severe insulin resis-tance. Troglitazone decreased both plasma glucose and insulin levels to levels in lean rats (Fig. 1, b and c ) , thus improving insulin resistance in the obese animals. The plasma triglyceride level was markedly higher in obese rats. In both lean and obese rats treated with troglitazone, the triglyceride levels were decreased (Fig. 1 d ) . The plasma FFA levels in obese rats were also determined, and troglitazone caused a marked decrease in these levels (control: 0.663 Ϯ 0.061, troglitazonetreated: 0.209 Ϯ 0.021 meq/liter, P Ͻ 0.01).
Weight of the adipose tissues. Wet weights of WATs of obese rats were about four-to sixfold greater than of lean rats. Troglitazone did not increase significantly the total wet weight of WATs. While no decrease in WAT weight was ever seen in obese rats, in lean rats this weight tended to be reduced by troglitazone but without significance (Table I) .
Expression of leptin, TNF-␣ , and PPAR ␥ in WATs. We studied the effects of troglitazone or obesity itself on the expression levels of leptin. Expression levels of leptin were significantly higher in all the adipose tissues of obese rats except for epididymal WAT; in subcutaneous WAT, leptin levels reached 10-fold that in lean control rats. Troglitazone decreased dramatically the leptin levels of obese rats almost to the lean control levels in all WATs examined (Fig. 2, a and b ) . The expression levels of leptin in lean rats were also reduced, by ‫ف‬ 20% in all WATs, although this was not statistically significant (Fig. 2 b ) . The expression levels of TNF-␣ were increased by 2-or 1.4-fold in the retroperitoneal and mesenteric WATs of obese rats, respectively (Fig. 2, a and c ) . Troglitazone normalized the elevated TNF-␣ levels to lean control levels (Fig. 2, a and c ) ; it also reduced the expression level of TNF-␣ by 41% in subcutaneous WATs of obese rats (Fig. 2 c ) . Interestingly, troglitazone had almost no effect on the TNF-␣ mRNA of lean rats, and in some cases, TNF-␣ expression was even slightly increased, although not significantly, by the treatment (Fig. 2 d ) . There was no significant change in the PPAR ␥ mRNA levels with or without obesity, or with or without troglitazone (Fig. 2 d ) . Effects of troglitazone on expression levels of leptin, TNF-␣ , and PPAR ␥ in obese rats were essentially identical when those results were normalized by glyceraldehyde 3-phosphate dehydrogenase levels (data not shown).
Adipocytes in the WAT. Triglyceride content contained in the whole retroperitoneal WAT was not changed (Fig. 3 a) . In contrast to triglyceride content, DNA content in those tissues was increased by 1.5-fold in troglitazone-treated obese rats ( Fig. 3 b) ; this may mean that the size of adipocytes was decreased. In fact, triglyceride content per unit DNA, which was represented as milligrams of triglyceride per microgram of DNA, was decreased by troglitazone treatment in retroperitoneal WAT (Fig. 3 c) . Quite strikingly, although troglitazone did not appear to affect the total mass of WATs, histological analysis revealed that troglitazone did cause a decrease in the size of adipocytes and simultaneously an increase in cell number (Fig. 4) . Morphometric analysis of adipocyte distribution along with their sizes (sectional area) indicated that troglitazone increased the population of smaller-sized adipocytes and decreased the population of larger-sized adipocytes in both retroperitoneal and subcutaneous WATs (Fig. 5, a and b) . In Table II ). In contrast to the small adipocytes, the number of large adipocytes was decreased by 43 and 54% in the retroperitoneal and subcutaneous WAT, respectively, in troglitazone-treated obese rats compared with control obese rats. Troglitazone also caused an increase in small adipocytes and a decrease in large adipocytes in lean rats in both retroperitoneal and subcutaneous WATs, although the magnitude of this effect appeared to be less pronounced in lean than in obese rats (Figs. 4 and 5, and Table II) . Similar results were also obtained in mesenteric WAT. We next examined whether troglitazone treatment affects apoptosis in adipose tissues. Although apoptotic nuclei were found in adipose tissues from both control and troglitazone-treated rats, the number of apoptotic nuclei appeared to be increased in troglitazone-treated WAT (Fig. 6) . The ratio of apoptotic to total nuclear number was 10.8 and 4.3% in troglitazonetreated and control rats, respectively (Table III) . 
Discussion
The major finding of this study is that troglitazone increased the adipose cell number of WATs in obese Zucker rats without affecting the total mass or the total triglyceride content of adipose tissue (Figs. 4 and 5) . Morphometric analysis of the histological examination of WATs revealed that troglitazone increased the number of small adipocytes (Ͻ 2,500 m 2 in sectional area) by approximately fourfold (Table II) . Furthermore, the total DNA content in retroperitoneal WAT was increased by 1.5-fold (Fig. 3) . Since the ratio of the number of adipocytes to other cells like stromal cells in the adipose tissue was reported to be Ͻ 20% (33), it is possible to estimate that the increase in the total adipocyte DNA content would reach 3.5-fold. Recently, troglitazone has been shown to be a ligand of PPAR␥ (23) (24) (25) (26) , which is expressed specifically in adipose tissues (20, 29) . In 3T3-L1 preadipocytes, troglitazone-induced activation of PPAR␥ was shown to be associated with differentiation of preadipocytes into adipocytes (34) . Thus, it has been hypothesized that troglitazone may play a key role in white adipocyte differentiation (24, (35) (36) (37) . The increase in the number of white adipose cells by troglitazone treatment in vivo revealed in this study may be due to this stimulatory effect of troglitazone on adipocyte differentiation through PPAR␥.
Concomitantly, troglitazone-treatment appeared to cause a reduction in the number of large adipocytes, by 50% (Table  II) , which can explain the unaltered total mass of WAT despite the increased number of small adipocytes. Since it was reported that human adipocytes undergo apoptosis after growth factor deprivation or mild heat injury (38), we next examined whether this reduction in the number of large adipocytes was caused by increased apoptosis in response to troglitazone. In fact, the percentage of apoptotic nuclei was increased ‫ف‬ 2.5-fold in troglitazone-treated WAT (Fig. 6 , and Table III) , consistent with the possibility that the reduction in the number of large adipocytes induced by troglitazone treatment may be due at least in part to increased apoptosis. Thus, we hypothesize that in WATs from troglitazone-treated rats, large adipocytes lost by apoptosis may be counterbalanced by small adipocytes that are newly differentiated by troglitazone treatment. After sections (10 m thick) were stained by the TUNEL method, apoptosis nuclei were counted in a fixed area (900,000 m
The number of large adipocytes (Ͼ 5,000 m 2 in sectional area) from obese rats increased two-to threefold compared with lean rats (Table II) . Concomitantly, expression levels of leptin and TNF-␣ in WATs examined were increased in obese rats (Fig. 2, b and c) . We demonstrated that troglitazone treatment of obese rats resulted in a 50% decrease in the number of large adipocytes (Figs. 4 and 5, and Table II ). In the same troglitazone-treated obese rats, the increased expression levels of both leptin and TNF-␣ in WATs returned to the levels of lean rats (Fig. 2, b and c) . Although leptin is not expressed in preadipocytes and immature adipocytes (39) , it is expressed specifically in adipocytes which are fully differentiated (30, 39) . TNF-␣ is not expressed in adipose tissue from mice with a targeted mutation in aP2, a marker for mature adipocytes (40) . Moreover, the mRNA of both leptin and TNF-␣ is overexpressed in the adipose tissue of obese insulin-resistant rodents, which have hypertrophic adipocytes (Fig. 2 b, and Table II) (11, 39, 41) . Thus, it seems that the normalization of increased expression levels of TNF-␣ and leptin by troglitazone treatment without changing fat mass may be related to the reduction in the number of large adipocytes. In in vitro studies, troglitazone is reported to directly decrease the expression of leptin by inhibiting gene transcription (42) . Thus, it also seems possible that troglitazone directly inhibited the expression of TNF-␣ and leptin in large adipocytes. Since TNF-␣ has been reported to be at least partially responsible for the insulin resistance caused by obesity (11) (12) (13) (14) , it seems likely that decreased TNF-␣ levels by troglitazone contribute significantly to the improvement of muscle insulin resistance. Thiazolidinediones have been shown to affect the TNF-␣ pathway, causing insulin resistance in two ways. Thus, troglitazone reduces TNF-␣ expression in adipose tissue in vivo (43), which we have now confirmed here in obese Zucker rats (Fig. 2 c) , and it can also block certain actions of TNF-␣ on preadipose and adipose cell cultures (34, 35) . Further, thiazolidinediones have been shown to reduce increased mRNA levels of leptin in obese insulinresistant animal models (44) . We have been able to confirm these results in four different adipose tissues, including subcutaneous and visceral adipose tissues in obese Zucker rats (Fig.  2 b) . It was reported recently that leptin may cause insulin resistance especially in liver and adipocytes (16, 18) , although this issue is still highly controversial (45); thus, it is possible that a dramatic decrease in the leptin levels by troglitazone may also contribute to amelioration of insulin resistance. Alternatively, decreased leptin levels may serve as a marker for the reduction in the number of large adipocytes.
The increased population of small white adipocytes may account for the improvement in insulin sensitivity and FFAinduced insulin resistance. Small adipocytes, which are derived from male 4-5-wk-old Sprague-Dawley rats weighing 120-160 g, can oxidize more glucose than large adipocytes derived from male 12-mo-old Sprague-Dawley rats weighing Ͼ 550 g, in the presence of insulin (46) . And small adipocytes take up more glucose than large adipocytes at submaximal levels of insulin (46) . The increase in the number of small adipocytes may also account for the reduction in FFA levels after troglitazone treatment, since smaller fat cells are known to be more sensitive to the antilipolytic action of insulin (47) . Thus, it seems likely that an increase in small adipocytes in WATs may contribute to lower serum FFA and triglyceride levels by thiazolidinediones (48, 49) , which may result in amelioration of insulin resistance caused by obesity.
Subcutaneous adipose tissue may play a role distinct from that of visceral adipose tissue. In this study, we showed that in obese rats, the expression levels of leptin were higher in subcutaneous than other adipose tissues (Fig. 2 b) . Consistent with this, Montague et al. reported recently that the expression levels of leptin were higher in subcutaneous adipose than in omental tissue (50) . We also showed that the expression levels of TNF-␣ were elevated in mesenteric and retroperitoneal but not in subcutaneous or epididymal adipose tissues (Fig. 2 c) . Thus, subcutaneous and visceral adipose tissues exhibit distinct patterns of gene expression, which may have precise physiological implications.
Based on the data presented in this study, we propose that the primary event triggered by troglitazone is the increase in the number of adipocytes in WATs. In the WAT, increased cell number is associated with alterations in quality of the WATs, such as an increased number of small adipocytes and a decreased number of large ones (Figs. 4 and 5 , and Table II) . These changes are associated with lower amounts of FFA, TNF-␣, and leptin, some of which may contribute to the improvement in insulin sensitivity.
The fact that troglitazone caused marked alterations of gene expression and cellular metabolism in adipose tissues is consistent with the fact that PPAR␥ specifically expressed in adipocytes is a major target of troglitazone. It is also important to note that alterations of adipocyte gene expression and metabolism by troglitazone were associated with alleviation of in vivo insulin resistance, supporting the concept that altered gene expression and metabolism in the hypertrophic adipose tissues may be the basis of the insulin resistance associated with obesity. This study provides a rationale for the fact that troglitazone is particularly useful and effective in insulin resistance associated with obesity.
